Grass phylogenetics -The grass family (Poaceae) comprises ca. 10 000 species ( Clayton and Renvoize, 1986 ; Watson and Dallwitz, 1992 ) , most of them herbaceous annuals and perennials, though the family also includes the woody-textured bamboos. Phylogenetic analyses of the monocots, variously based on molecular and morphological characters, have converged in the placement of two small plant families, Joinvilleaceae and Ecdeiocoleaceae, as the closest relatives of the grasses (e.g., Doyle et al., 1992 ; Linder and Rudall, 1993 ; Chase et al., 1995 Chase et al., , 2006 Linder and Kellogg, 1995 ; Kellogg and Linder, 1995 ; Stevenson and Loconte, 1995 ; Briggs et al., 2000 ; Bremer, 2002 ; Michelangeli et al., 2003 ; Davis et al., 2004 ; Graham et al., 2006 ; Marchant and Briggs, 2007 ; Bouchenak-Khelladi et al., 2008 ) .
In most embryophytes, the plastid genome is divided into four major regions, the large single-copy region (LSC), small single-copy region (SSC), and two intervening inverted repeat regions (IRs), which are identical in sequence but arranged in reverse order (reviewed by Palmer, 1985 ; Sugiura, 1992 ; Bock, 2007 ) . If a gene spans a boundary (also known as a junction) between the IR and one of the single-copy regions, one copy of the fragment that lies within the IR is contiguous with the rest of the gene in the adjacent single-copy region, and the other copy is adjacent to whatever lies at the other end of the same single-copy region (e.g., Fig. 1 ). Two genes, ndhF and ndhH , are situated at opposite ends of the SSC region in most angiosperms, and each extends into the IR in some grass species. By sequencing across the two SSC-IR junctions, the positions of both genes, relative to the junctions, can be determined. Here we describe the varied occurrence of one or both of these genes spanning the SSC-IR junction in a range of species of the grass family and provide evidence for repeated migrations of portions of these genes across the junctions. Nucleotide substitution rates generally are slower in the IR than in the single-copy regions (e.g., Wolfe et al., 1987 ; Maier et al., 1995 ; Muse and Gaut, 1997 ; Yamane et al., 2006 ) , and we document an acceleration in substitution rate that coincides with the migration of a portion of ndhH from the IR into the SSC in taxa of the PACMAD clade, a major lineage within the grass family, comprising subfamilies Panicoideae, Arundinoideae, Chloridoideae, Micrairoideae, Aristidoideae, and Danthonioideae.
Although the plastid genome conventionally is mapped as a circular, double-stranded DNA molecule, with fi xed relationships between the two LSC, SSC, and two IR regions, and with the latter usually labeled as separate structures (IR A and IR B ), it actually exists in a variety of conformations within living cells, including interlinked aggregations of multiple copies ( Palmer, 1983 ; Bendich, 2004 ; Oldenburg and Bendich, 2004 ; Bock, 2007 ) . However, the conventional circular map does summarize many of the heritable structural features of the genome correctly. Among plant lineages that retain both copies of the IR, the sizes and boundaries of these regions, relative to the adjacent LSC and SSC, have been modifi ed in various groups (e.g., Goulding et al., 1996 ; Aii et al., 1997 ; Plunkett and Downie, 2000 ; Perry et al., 2002 ; Stefanovi ć and Olmstead, 2005 ; Wang et al., 2008 ) .
Within the grass family, two genes that lie near opposite ends of the SSC region ( ndhF and ndhH ) sometimes extend into the IR regions ( Maier et al., 1990 ; Ogihara et al., 2002 ; Davis and Soreng, 2007 ; Saski et al., 2007 ; Bortiri et al., 2008 ) . These two genes are transcribed in the same direction within the SSC region ( Fig. 1 ) . Thus, the 5 ′ terminus of ndhH is situated near one SSC-IR junction (J SA ), and the 3 ′ terminus of ndhF is situated near the other (J SB ). In Triticum aestivum and Oryza sativa , ndhH extends across the junction, with the 5 ′ terminus and more than 150 nucleotides situated within the IR, while ndhF lies fully within the SSC. In Zea mays , just one nucleotide at the 5 ′ terminus of ndhH lies within the IR, while ndhF extends across the junction, with the 3 ′ terminus and 29 nucleotides situated within the IR. Ogihara et al. (2002) concluded from the similarities between Triticum and Oryza in these characteristics that these two taxa are more closely related to each other than either is to Zea , but in making this suggestion they did not provide evidence that the similarity is synapomorphic. Triticum (BEP clade, subfamily Pooideae) is, in fact, believed to be more closely related to Oryza (BEP clade, subfamily Ehrhartoideae) than either is to Zea (PACMAD clade, subfamily Panicoideae). However, one result of the current study was the demonstration that in most taxa of the sample, including grasses of early-diverging lineages, and outgroups, ca. 150 -250 nucleotides (maximum 400) of ndhH extend into the IR region, the major exception being taxa of the PACMAD clade. Specifi cally, the occurrence of this portion of ndhH in the IR (as in Triticum and Oryza ) is interpreted as the symplesiomorphic state in the grasses, and the migration of this gene region relative to the SSC-IR boundary, resulting in the transfer of most of these sites into the SSC (as in Zea ), is interpreted as derived within the PACMAD clade. Meanwhile, the 3 ′ terminus of ndhF lies entirely within the SSC in the outgroups and most grasses and is interpreted as having migrated into the IR region in an ancestor of the PACMAD clade. The portion of ndhH that has migrated into the SSC from the IR in the PACMAD clade has experienced a corresponding nucleotide substitution rate acceleration.
When both genes extend into the IR, as in Zea , one or more nucleotide positions just within the IR encode portions of both genes. Within this region, the two genes are encoded on opposite strands, because the reading frame of ndhH extends from the IR into the SSC, while that of ndhF runs in the opposite direction. This situation, with two genes overlapping where they extend from different ends of a single-copy region into the same end of an IR, is a special case of the general phenomenon of gene overlap, which occurs widely in microorganisms ( Fukuda et al., 2003 ) and some plastid genes (e.g., psbD and psbC ). In this particular form of gene overlap, the region of overlap is Chloridoideae, Panicoideae, and Pooideae, each including more than 1000 species) that collectively included ca. 90% of all grass species, plus eight smaller subfamilies and a few anomalous genera that were not assigned to subfamily. Three of the smaller subfamilies were placed as a series of lineages (Anomochlooideae, Pharoideae, and Puelioideae) diverging in succession from a major clade that includes the four large subfamilies and all other grasses. We use the phrase " early-diverging " to refer to the three small subfamilies that diverged early in the history of the family from the lineage that now includes most grass species. Within the major clade, all species fall into one or the other of two large subclades, one comprising subfamilies Panicoideae, Arundinoideae, Chloridoideae, Centothecoideae, Aristidoideae, and Danthonioideae, and designated the PACCAD clade, the other comprising subfamilies Bambusoideae, Ehrhartoideae, and Pooideae, and designated the BEP clade. Both of these clades had been observed in previous analyses, and prior acronyms for them are PACC ( Davis and Soreng, 1993 ) and BOP ( Clark et al., 1995 ) , respectively.
Many additional phylogenetic analyses of the grass family have been conducted since, variously focusing on the overall structure of the family or on particular lineages within it. Within what had been designated the PACCAD clade, representatives of the small subfamily Centothecoideae long have been associated with Panicoideae (e.g., Clark et al., 1995 ; Soreng and Davis, 1998 ; Hilu et al., 1999 ; Mathews et al., 2000 ; GPWG, 2001 ; Duvall et al., 2007 ) , and a recent analysis indicated that lineages from these two subfamilies are intermixed to the extent that neither is monophyletic ( S á nchez-Ken and , thus suggesting that taxa from the former Centothecoideae should be subsumed within a broadly defi ned Panicoideae. A formal classifi cation along these lines had been published earlier . Another recent development ( S á nchez- has been the reinstatement of Micrairoideae, which includes a putative monophyletic assemblage of Micraira , Eriachne , and other genera previously placed in isolated locations within the PACCAD clade, and sometimes left unassigned to subfamily. With the incorporation of Centothecoideae into Panicoideae and the adoption of Micrairoideae, the PACCAD clade is unchanged in composition, but now is designated the PACMAD clade ( Duvall et al., 2007 ) . Thus, a modifi ed version of the GPWG classifi cation, also comprising 12 subfamilies, is recognized today, with the same three small early-diverging subfamilies, plus the nine subfamilies of the BEP and PACMAD clades.
Plastid genome structure -The plastid genome of embryophytes is double-stranded, usually ca. 120 -160 kb long, and it usually includes more than 120 genes ( Palmer, 1985 ; Bock, 2007 ; Jansen et al., 2007 ) . Being divided into the LSC, SSC, and two equal and intervening IR regions, it falls within the category of amphimeric genomes ( Rayko, 1997 ) . Although one copy of the IR has been lost from some plant lineages (e.g., Lavin et al., 1990 ) , most plastid genomes that have been examined retain both copies. The plastid genome has been employed extensively in plant phylogenetic studies, some of which have principally used variation in nucleotide sequences (e.g., Chase et al., 1993 ; Soltis et al., 2000 ; Leebens-Mack et al., 2005 ; Hansen et al., 2007 ) , while others have examined structural features, such as insertions/deletions (indels), inversions, and variation in the positions of boundaries between the genomic regions (e.g., Doyle et al., 1992 ; Goulding et al., 1996 ; Plunkett and Downie, 2000 ; Perry et al., 2002 ; Cosner et al., 2004 ; Stefanovi ć and Olmstead, 2005 ; Wang et al., 2008 ) . coterminous with the portion situated in the IR of the gene that extends the shortest distance into the IR, and it includes only the terminal portion of the gene. Here we document four origins of gene overlap in the IR of grasses. In all but one case, the extent of the overlap is no more than four nucleotides in length, a pattern that suggests either physical instability or maladaptiveness of such an overlap. However, in one case, the overlap region is 43 nucleotides in length.
MATERIALS AND METHODS
Taxon sample -The taxon sample includes 90 representative species of Poaceae, plus one each of Joinvilleaceae and Ecdeiocoleaceae (Appendix 1). The taxonomic system adopted here for the grasses, at the subfamily level, is a modifi cation of the 12-subfamily system proposed by the GPWG (2001 ), excluding Centothecoideae and including Micrairoideae, as described above. Of the 12 subfamilies, all are sampled except Puelioideae, for which a suitable DNA isolation was not available. Genera are assigned to subfamily and tribe (and to subtribe within Poeae) according to the Catalogue of New World Grasses (CNWG) ( Judziewicz et al., 2000 ; Peterson et al., 2001 ; Soreng et al., 2003 ; Zuloaga et al., 2003 [and online revision of 18 June 2009 http://mobot.mobot. org/W3T/Search/nwgclass.html; archived web page available on request]). The Fig. 1 . Map of the plastid genome of Triticum aestivum (GenBank accession NC_002762), depicting the positions of two regions that were sequenced, and genes and gene fragments within these regions; lengths of genes and genomic regions are not drawn to scale. Junctions JLA, JLB, JSA, and JSB, identifi ed by dashed lines, delimit large and small single-copy regions (LSC and SSC) and the two inverted repeat regions, IRA and IRB. Each of the sequenced regions spans one SSC-IR boundary. Numbering of nucleotides of the genome (1 through 134 545) begins at JLA and proceeds counterclockwise, as indicated. Genes depicted outside the circle are transcribed in counterclockwise sequence, and genes depicted inside the circle are transcribed in clockwise sequence; the direction of gene transcription in IR regions is indicated by white arrows. In Triticum , ndhF , ndhA , and the 3 ′ end of ndhH lie within the SSC region, while rps15 and the 5 ′ end of ndhH lie within the IR regions, and thus are present as two copies. Positions and priming orientations (black arrows) are depicted for the primers used most frequently to amplify and sequence these regions; a complete list of primers is provided in Appendix 2.
nonadditive, missing nucleotides in indel regions coded as unknown, clades interpreted as resolved in individual trees only if supported under all possible optimizations (using the command " collapse 3 " ), and with Joinvillea specifi ed as the outgroup. Parsimony-uninformative characters were removed from the matrix prior to analysis, and all reported tree lengths and consistency indices are based on only the parsimony-informative portion of the matrix. The data matrix was analyzed by invoking 1000 replicate search initiations with random taxon addition sequences, with 20 trees held per replicate and subjected to exhaustive TBR swapping and then to 200 ratchet iterations ( Nixon, 1999 ) , using 5% probabilities for character upweighting and downweighting. All trees obtained by these searches were pooled and subjected to exhaustive TBR swapping with up to 1 000 000 trees held in memory. A separate analysis was conducted using just the nucleotide sequence characters. Strict-consensus jackknife support (JS) ( Farris et al., 1996 ; Soreng and Davis, 1998 ; Davis et al., 2004 ) was calculated from 10 000 replicates using a deletion frequency of 37%, with each jackknife replicate conducted using the same search procedures as used in the basic analysis, except that 10 search initiations were conducted for each jackknife replicate, rather than 1000, and up to 1000 trees were held during the fi nal tree-bisectionreconnection (TBR) swapping phase, rather than 1 000 000. The program WinClada version 1.03 ( Nixon, 2002 ) was used to edit data, determine tree lengths and related indices, examine character transformations on the resulting trees, and generate fi gures.
Optimizations of six structural characters are illustrated on a consensus tree ( Fig. 3 ) . The decision to present character optimizations on the consensus tree was made only after it was verifi ed that the all transformations of these characters are identical in position and number among all most-parsimonious trees and the consensus tree. Optimization of one of these characters is ambiguous in one region of the tree (character 16, Tables 1, 2 , near Arundo in Fig. 3 ; either two parallel gains or a gain and a loss), and this ambiguity is shared among all most-parsimonious trees and the consensus tree; all other optimizations of this and other characters mapped in Fig. 3 are unambiguous.
Nucleotide substitution rates -To determine whether the inferred shift in the relative positions of ndhH and the SSC-IR boundary is associated with a change in the nucleotide substitution rate in this region, we compared the number of inferred steps in this gene region among taxa of the PACMAD clade to the number of steps among other taxa. This comparison was conducted by enumeration of substitutions in various gene regions, with a focus on the portion of ndhH that migrated from the IR region into the SSC region in the PACMAD clade. This was conducted in a cladistic framework, without reference to a model or other method to account for unobserved steps. Steps were counted on one randomly selected most-parsimonious tree for the combined data set, as optimized under accelerated transformation, along all branches within the PACMAD clade, and compared to the corresponding sum for all other branches in the tree, except for the branch leading to the PACMAD clade. This branch was excluded from both of these categories, because transformations along it cannot be assigned either to the IR or SSC region (i.e., each substitution that is optimized on this branch could have occurred either before or after the migration of this portion of ndhH , which also lies on this branch). Corresponding comparisons also were made between numbers of steps within and outside of the PACMAD clade (always excluding the branch that leads to the PACMAD clade) for three other gene regions, each of which lies either within the IR region or the SSC region in all or nearly all taxa. Ambiguously aligned nucleotides, which had been excluded from cladistic analyses, also were excluded from these comparisons, but all other variable sites were included, regardless of whether they were parsimony informative, so that the sums would include autapomorphic steps. The four regions compared, and their aligned lengths, are as follows: (1) ndhH sites 5 -154, 150 nucleotides -This region lies entirely within the SSC region in all taxa of the PACMAD clade and entirely within the IR region in all but seven taxa outside the PACMAD clade (entirely within the SSC region in Celtica , Pleuropogon , and Olyra , and partially within the SSC region in Lithachne , Brachypodium , Brylkinia , and Molineriella ). (2) ndhH , from site 301 to the 3 ′ terminus, 894 nucleotides -This region lies entirely within the SSC region in all taxa of PACMAD clade and in all except four taxa outside the PACMAD clade ( Cynosurus and the three species of Bromus ); in each of the latter four taxa, no more than 100 nucleotides of this region lie within the IR region. (3) ndhF , including nine sites from the two inversions, and excluding unambiguously aligned regions and 17 additional sites near the 3 ′ terminus, which lie within the IR region in some taxa, 2105 nucleotides -This region lies entirely within the SSC region in all taxa examined. (4) rps15 , from site 152 to the 3 ′ terminus, 122 nucleotides -This region lies entirely within the IR region in all taxa examined.
Appendix 2, and positions of the most frequently used amplifi cation primers are indicated in Fig. 1 . Because both regions include identical portions of the IR, some primers (e.g., rps15 -80F) were used in the amplifi cation and sequencing of both regions. Also, for taxa in which a portion of ndhH extends into the IR region that is long enough to include the region corresponding to primer ndhH -88F (i.e., approximately the fi rst 113 nucleotides of this gene), this primer sometimes was used in the sequencing of both regions. This condition is met in most taxa in the sample, the major exceptions being those of the PACMAD clade. Successful amplifi cation and sequencing of the two regions provides complete sequences of ndhH (length of the complete gene is 1182 nucleotides in the reference plastid genome sequence of Triticum aestivum , GenBank accession NC_002762); 122 nucleotides of rps15 (length of the complete gene is 273 nucleotides in the same reference sequence), and nearly complete sequences of ndhF (lacking ca. 50 -70 nucleotides from the 5 ′ terminus; the complete length of ndhF is 2220 nucleotides in the same reference sequence).
Data structure and analysis -Sequences of ndhH, ndhF, and rps15 were generated, aligned manually, and deposited in GenBank (Appendix I). Nucleotide sites within inferred gaps were encoded as " unknown " and thus treated as missing characters for taxa with deletions. Regions interpreted as only ambiguously alignable were excluded from analyses. Nine structural features of the three genes with parsimony-informative distributions, including two inversions, seven indels, and two characters representing presence/absence of portions of ndhF and ndhH in the IR regions, were identifi ed and encoded as binary characters ( Tables 1, 2 ). The indels were scored using simple gap coding ( Simmons and Ochoterena, 2000 ) . Nucleotides of ndhF within the two inversion regions were included in the analysis by replacing the observed sequence with its reverse complement for each taxon that was interpreted as being inverted ( Graham et al., 2000 ; Soreng et al., 2007 ) . For archival purposes, the data matrix includes the sequences as observed, but with the nucleotides in the inversion regions inactivated, and with these regions duplicated elsewhere in the matrix as active characters, with the observed sequences replaced by the reverse complements for the inverted taxa. The data matrix and explanatory text are available as supplemental materials (Appendices S1 -S3, see Supplemental Data with online version of article).
Because both of the sequenced regions extend into rps15 and because primer rps15 -80F was used to amplify both of them, the portion of this gene that lies within the sequenced regions was sequenced twice from each taxon, as were all nucleotides between rps15 and the SSC-IR boundaries. The portions of the two sequenced regions that extend into the IR region were aligned against each other to identify the locations of the two SSC-IR boundaries in each taxon (JSA and JSB, the points at which the sequences fi rst differ from each other), and the positions of the 3 ′ terminus of ndhF and the 5 ′ terminus of ndhH relative to these boundaries (cf. Fig. 2 ). Contradictory nucleotide sequences were never observed within the twice-sequenced segment of the IR region for any taxon. In some cases, however, one or more sites within one or the other of the two fragments within the IR region was not read clearly, usually in the intergenic spacer region, but in some cases within rps15 . In the latter cases, the reported rps15 sequence for a taxon is a composite of readable portions of both sequences.
For most taxa, just one of the two genes ( ndhF or ndhH ) or neither of them extends into the IR region. In a few cases, however, both of these genes extend into the IR region, and in these cases there are nucleotide sites that lie within both genes and thus are homologous between the two genes ( Fig. 2 ) . The two genes are encoded in reverse order in the IR, so the sense strand of one is the antisense strand of the other, but nonetheless, any nucleotide that lies within the IR region in both genes is homologous between the two genes. To avoid including these nucleotides twice in the analysis (i.e., once within the ndhF sequence of a taxon, and once within the ndhH sequence of the same taxon), the duplicated nucleotides were excluded from the ndhF sequences prior to analysis. This exclusion affected a total of 70 cells of the data matrix, and of these, seven are in characters that are active and parsimony informative in the data matrix. To determine whether the exclusion of these seven cells affected the results of the principal analysis (see below), two additional analyses were conducted, one of them with these cells included in the ndhF sequences but excluded from the ndhH sequences, and the other with these cells included in the sequences of both genes (i.e., included twice in the data matrix). The sets of trees obtained by both of these analyses were identical to those obtained by the principal analysis, and no further reference to the other analyses is made. The archived data matrix includes 46 characters, for which 70 cells are nonempty, immediately following ndhF . These cells represent the sites interpreted as homologous between ndhF and ndhH , and the corresponding cells in the ndhF portion of the matrix are scored " N " .
Parsimony analysis was conducted with the program TNT, version 1.1 ( Goloboff et al., 2008 ) , with all characters weighted equally and coded as of TBR swapping. The same set of trees was obtained when the analysis included only the nucleotide sequence characters; further discussion (e.g., support values) is based on results obtained with nucleotide and structural characters. Monophyly was not tested for Pharoideae and Aristidoideae, as each was sampled only once. Of the nine grass subfamilies represented by at least two species, eight are resolved as monophyletic with the current taxon sampling. In four of these cases, JS is between 98 and 100%, and among the other four, support for monophyly of Danthonioideae is 77%, and for each of the remaining, three it is less than 60%. In two of these cases, the support for a core group is strong, but an additional accession is weakly associated with the core group, so support for the subfamily itself is low. One of these cases is Chloridoideae, which has 51% JS, with Merxmuellera rangei placed as the sister of the rest of the subfamily, and with 100% support for the clade that includes all RESULTS Data structure -The combined sequences of the three genes sum to 3438 aligned sites, of which 907 (26.4%) are parsimony-informative. In addition to the nucleotide sequence characters, the inclusion of nine parsimony-informative structural characters ( Tables 1 -3 ) brought the total number of informative characters in the matrix to 916. Details concerning the distribution of states of these characters among the taxa in the sample, and on cladograms, are provided below.
Grass phylogenetics -Analysis of the combined matrix of three gene sequences and nine structural characters yielded 12 most-parsimonious trees of length 4024, CI 0.35, and RI 0.69 ( Table 3 , Fig. 3 ). Trees of this length were obtained by each of the 1000 searches that were conducted prior to the fi nal phase Fig. 2 . Nucleotide sequences for both DNA strands at the two SSC-IR junctions of the plastid genomes of six grass taxa (cf. Appendix 1, Fig. 1 ). IR regions lie to the left of each junction (JSA and JSB), and the SSC region to the right. Boldface, capital letters signify encoding regions (sense strand) near the 5 ′ terminus of ndhH , also labeled at right as reading across the boundary into the SSC region, and underlined capital letters signify encoding regions (sense strand) near the 3 ′ terminus of ndhF , also labeled at right as reading across the boundary into the IR region.
Within this clade, Ehrhartoideae (including Streptogyna ) is resolved as the sister of Bambusoideae and Pooideae, with 57% support for the clade that includes the latter two subfamilies. Nine tribes within the BEP clade are each sampled more than once, and all except two are resolved as monophyletic. The exceptions are Bambuseae (paraphyletic, with Olyreae nested within) and Bromeae (paraphyletic, with Triticeae nested within). Further description of relationships within Pooideae is deferred to a forthcoming analysis in which this group is sampled in greater depth.
Structural features of the plastid genome -Examples of six representative structures of the two SSC-IR boundaries are illustrated in Fig. 2 , which includes fi ne-scale maps of the 5 ′ terminus of ndhH and the 3 ′ terminus of ndhF , and positions of the endpoints of these genes relative to the two SSC-IR boundaries. The range of observed structures include presence of a portion of ndhF ( Sporobolus ), ndhH ( Triticum ), both ( Olyra , Eragrostis , Brachypodium , Ehrharta ), or neither (not depicted in Fig. 2 ) within the the IR region ( Tables 1, 2 ). In Ehrharta , both genes extend into the IR region (272 nucleotides of ndhH and 43 nucleotides of ndhF ), and thus 43 nucleotides of the two genes are homologous between the two genes. Among the 82 taxa in which ndhH extends into the IR region, the length of the portion of this gene that lies in the IR region ranges from one nucleotide to 400 ( Cynosurus ).
When presence/absence of a portion of ndhH in the IR region is optimized on trees obtained from the cladistic analysis, presence of the 5 ′ terminus of ndhH within the IR region is determined to be a plesiomorphy of the grasses ( Fig. 3 , character 0) . Within the grasses, there are fi ve independent transitions to the state in which ndhH lies entirely within the SSC region, plus one reversion to the plesiomorphic state. Three of the fi ve transitions other elements of the subfamily. The other is Ehrhartoideae, which has 59% support, with Streptogyna placed as the sister of the rest of the subfamily and with 100% support for the clade that includes all other elements of the subfamily. The third subfamily with weak support is Anomochlooideae (49%). The only subfamily represented by more than one element and not resolved as monophyletic is Arundinoideae. In this case, a monophyletic Micrairoideae (with 100% support) is nested within a clade that also includes the three representatives of Arundinoideae. Support for this overall grouping is 66%, and it is less than 50% for each of the internal nodes within the paraphyletic arrangement of the three genera of Arundinoideae.
Higher-level relationships are as follows: The grass family is monophyletic in all 12 trees (JS = 100%; Fig. 3 ). Within the family, Anomochlooideae is resolved as the sister of a clade that includes all other grasses (JS = 78% for the latter), and within the latter group, Pharoideae is sister of a clade that includes the remaining grasses (JS = 100% for this clade), and in which the PACMAD and BEP clades are both monophyletic and placed as sister taxa. JS for the PACMAD clade is 100%; within it, three major subclades are detected, with relationships unresolved among the three. The fi rst of these clades includes Micrairoideae and the three representatives of Arundinoideae (as described above), the second includes Aristidoideae, Danthonioideae, and Chloridoideae, and the third is the Panicoideae (including elements previously assigned to Centothecoideae). Support is generally weak for relationships among subfamilies within the PACMAD clade, with the strongest support (66%) for the clade that includes Micrairoideae and the three representatives of Arundinoideae. Within the PACMAD clade, six of the seven tribes that were sampled by more than one taxon are monophyletic; the seventh, Arundineae, the solitary tribe in subfamily Arundinoideae, is not. JS for the BEP clade is 76%. Table 2 and as the fi rst of two numbers (hyphen = 0) after each taxon name in Fig. 3 . Character 1 (4, 0.25, 0.88): presence/absence of one or more nucleotides of ndhF in the IR region (cf. Figs. 1, 2 ): 0 = absence, 1 = presence. Number of nucleotides in the IR region is provided for each taxon in Table 2 and as the second of two numbers (hyphen = 0) after each taxon name in Fig. 3 . Parenthesized numbers in Fig. 3 denote presence and number of nucleotides inserted (+) or deleted ( − ), relative to the reference sequence of Triticum aestivum , within the portion of ndhF that extends into the IR region. For example, in Arundo [ " 17( -3) " ], 17 nucleotides of ndhF lie within the IR region, and there is a 3-bp deletion within this portion of the gene, relative to Triticum , so the portion of ndhF within the IR region in Arundo is interpreted as being homologous with a 20-nucleotide portion in Triticum . Character 2 (2, 0.50, 0.95). ndhF inversion of sites 1918 -1920: 0 (uninverted) = GTA (55 taxa) or a sequence differing from this at no more than one site, and from the inverted sequence at all three sites: ATA (1), CTA (4), GCA (1), GGA (1), and GTT (1). 1 (inverted) = TAC (23 taxa) or a sequence differing from this at no more than one site and from the inverted sequence at all three sites: TAT (1). Six taxa differ from one of the main sequences at one site and from the other at two sites, and they are scored unknown for the inversion and for the three nucleotides in the ndhF sequence: TTA (4), TTC (1), GAA (1). Characters 3 -5: sequence in region of ndhF inversion 1 or for taxa interpreted as having the inversion (state 1 of character 2), the reverse complement of the observed sequence. Taxa scored as unknown for character 2 are also scored as unknown for these three characters. Character 6 (1, 1.00, 1.00): ndhF inversion of sites 1932 -1937: 0 (uninverted) = GAAAAA (46 taxa) or a sequence differing from this at no more than three sites and from the inverted sequence at no fewer than fi ve sites: AAAAAA (14), CAAAAA (13); CCAAAA (5); GAAAAG (1); GGAACA (1), TAAAAA (9), AAAAAG (1), 1 (inverted) = TTTTTC (2 taxa) or a sequence differing from this at no more than three sites and from the uninverted sequence at no fewer than fi ve sites (none). Characters 7 -12. Sequence in region of ndhF inversion 2, or for taxa interpreted as having the inversion (state 1 of character 6), the reverse complement of the observed sequence. Table 1 . Numbers of nucleotides of ndhH and ndhF that extend into the IR region are indicated for taxa with state 1 for characters 0 and 1, respectively (cf. Table 1 ) . Inversion presence/absence characters (characters 2 and 6) and nucleotide sequences within inverted regions (characters 3 -5 and 7 -12) are in boldface for taxa scored as having the inversions; the sequences provided here for the inverted regions of these taxa are the reverse complements of the sequences actually observed in the coding strand of ndhF . Taxa are arranged by family, subfamily, and tribe (cf. Appendix I). cludes all others (Anomochlooideae), 179 -192 nucleotides of ndhH lie within the IR region. The number for Ecdeiocolea (179) is the same as that for Anomochloa . In the next-diverging grass lineage, Pharus , about 100 additional nucleotides lie within the IR region. Only 1 -4 nucleotides of ndhH lie within the IR region in taxa of the PACMAD clade, and as already noted, these nucleotides migrate into the SSC region three times within this group. Within the BEP clade, numbers initially are similar to those of the early-diverging grasses, with occasional cases of increase (e.g., to 272 in Ehrharta , to more than 300 in the various species of Bromus , and to 400 in Cynosurus ) and decrease (e.g., to 149 in Brylkinia , 42 in Brachypodium ). In the two instances in the BEP clade in which ndhH migrates entirely out of the IR region ( Celtica and Pleuropogon ), the sister of the taxon in which this has occurred does not have an unusually in which the 5 ′ terminus of ndhH migrates out of the IR region occur in the PACMAD clade, each of them occurring once within each of the three major clades resolved in the consensus tree. Within one of these groups, the Arunidinoideae/Micrairoideae clade, the 5 ′ terminus of ndhH migrates out of the IR region, and then back into it, in Eriachne pulchella , which therefore differs in this feature from its sister taxon, Eriachne mucronata . The other two transitions to the state in which ndhH lies entirely within the SSC region are in Celtica and Pleuropogon , both of which are in the Pooideae. Although there are only six transitions in the presence/absence of a portion of ndhH within the IR region, the size of the portion of ndhH that lies within the IR region varies widely among taxa ( Table 2 , Fig. 3 ). In the outgroups and in the fi rst lineage to diverge within the grasses from the clade that in- there is a reversion to the undeleted state in Chloridoideae. Two additional steps occur within the Arundinoideae/Micrairoideae clade, either a reversion to the undeleted state followed by a secondary reversion to the deleted state (as mapped in Fig. 3 , under accelerated optimization), or parallel reversions to the undeleted state in Molinia and Amphipogon (under delayed optimization). A 15-nucleotide indel (character 15) has two forms, one of which appears to represent a tandem duplication of 15 nucleotides ( Figs. 3, 4 ) . The unduplicated state occurs in 10 taxa ( Tables 1, 2 ) , and one potential alignment of this region is depicted in Fig. 4 for these 10 taxa and several representative taxa with the putatively duplicated state. This region is one of the four regions of ambiguous alignment within ndhF that were excluded from the cladistic analysis on the basis of ambiguity of alignment. The 15-nucleotide segment that is apparently duplicated in some taxa can be recognized as consisting of two portions, the fi rst nine nucleotides of which is a relatively constant motif (GATAATGGA and slight variants) with a second more divergent six-nucleotide motif (in taxa with two copies there appear to be two variants of this, one based on ATAATG and variants, the other on ATAGCG and variants). The six nucleotides that follow the nine-nucleotide motif in fi ve of the taxa that have one copy of the 15 nucleotide region ( Joinvillea , Ecdeiocolea , Anomochloa , Streptochaeta , and Pharus ) resemble the version of the two six-nucleotide motifs closest to the 5 ′ end of the gene in duplicated taxa. In the other fi ve taxa with single copies ( Leersia , two species of Oryza , Nardus , and Celtica ), the six nucleotides that follow the nine-nucleotide motif resemble the second of the two six-nucleotide motifs. Thus, it is possible to recognize two different forms of the unduplicated state without reference to a phylogeny. Because of the general ambiguity of alignment in this region, only two states were recognized for this character (unduplicated and duplicated), and all 10 taxa with a single 15-nucleotide copy in this region were scored identically. Optimization of this character on the 12 most-parsimonious cladograms (and consensus tree) implies four steps ( Fig. 3 , character 15 , i.e., one duplication and three subsequent deletions in disjunct parts of the tree). The single-copy state is shared by the two outgroups and three early-diverging grasses and is interpreted as a plesiomorphy of the grasses. The fi ve taxa that share this state correspond to one of the two groups that can be recognized a priori ( Fig. 4 ) . The tandem duplication state originates as a synapomorphy of the clade that includes the PACMAD and BEP clades (the leftmost instance of character 15 noted in Fig. 3 ) , and the single-copy state then reoriginates independently as a deletion of one of the duplicated 15 nucleotide regions (i.e., the more 3 ′ copy) in three groups within this large clade (Oryzeae, Nardus , and Celtica ). If the two groups of taxa with deletions alignable in different positions had been scored as having different states and the same trees were obtained, then the unduplicated state that is plesiomorphic in the grasses would still have been lost once because of duplication, and the deleted state that later arose within the grasses would have had three separate origins.
Character numbers
Nucleotide substitution rates -In the 894-nucleotide portion of ndhH that lies within the SSC region in nearly all sampled taxa, there are 1174 steps in the randomly selected tree that was used to compare nucleotide substitution rates or 1.31 steps per character ( Table 4 ) . For this region, the number of steps outside the PACMAD clade (0.88 steps per character) is about three times the number within the PACMAD clade (0.32). In low number of sites in the IR region (174 in Piptatherum , 168 in Glyceria ).
Among the 27 taxa in which a portion of ndhF lies within the IR region, the length of this portion is one nucleotide in Brachypodium ( Table 2 ) and between 12 and 32 nucleotides in all other taxa except Ehrharta ( Fig. 2 , Table 2 ), in which 43 nucleotides of ndhF lie within the IR region. These nucleotides are the reverse complement of a region in ndhH (on the other strand) that is present in all sampled taxa and that also extends into the IR region in Ehrharta . The alignment of ndhF sequences, with the stop codons of Ehrharta , Triticum , and other taxa (usually TAA) treated as homologous, suggests that Ehrharta has a 36-nucleotide insertion relative to Triticum , just prior to the stop codon. However, the homology of the 43-nucleotide portion of ndhF of Ehrharta (comprising the stop codon, the preceding 36 nucleotides, and the four nucleotides that precede them) with a region in ndhH suggests that seven nucleotides at the 3 ′ end of ndhF actually were lost, and that the apparent insertion of 36 nucleotides of ndhF in Ehrharta represents an extension of the 3 ′ end of the coding region from the SSC-IR boundary to the fi rst available stop codon inside the IR region.
When the presence/absence of a portion of ndhF in the IR region is optimized on trees obtained from the cladistic analysis, the absence of any portion of ndhF in the IR region is determined to be a plesiomorphy of the grasses ( Fig. 3 , character 1) . Within the grasses, migration of the 3 ′ terminus of ndhF into the IR region is interpreted as a synapomorphy of the PACMAD clade, and no reversals are observed. Within the PACMAD clade, the length of the portion of ndhF that lies in the IR region ranges from 12 to 32 nucleotides. Three additional migrations of the 3 ′ terminus of ndhF into the IR region are inferred, in Ehrharta , Olyra , and Brachypodium . The lengths of the portions of ndhF that lie within the IR region in these taxa range from 1 to 43 nucleotides, and as noted, the 43 nucleotides of ndhF in Ehrharta include seven that are homologous with those in Triticum , plus an autapomorphic insertion of 36.
Two structural characters in the analysis are inversions within ndhF , one of them three nucleotides in length, the other six in length ( Table 1 , characters 2 and 6, respectively). Both inversion sites are surrounded by short inverted repeat sequences, indicative of a hairpin structure ( Kelchner and Wendel, 1996 ) . The inverted state of the three-nucleotide inversion arises once in all trees, in the sister group of Diarrhena , with a reversion to the plesiomorphic state occurring in Hordeum ( Fig. 3 , character  2) . The six-nucleotide inversion arises once, as a synapomorphy of the clade that includes Avena and Trisetum ( Fig. 3 , character 6), and no reversions are observed.
The fi ve remaining parsimony-informative structural characters are indels. Three of these (characters 13, 14, and 17; Tables  1 and 2 ; not mapped in Fig. 3 ) involve distantly related taxa (e.g., Joinvillea and Cynosurus for character 13) and are interpreted as parallelisms. The three-nucleotide indel near the 3 ′ terminus of ndhF , located within the portion of this gene that lies within the IR region in some taxa, was encoded as character 16 ( Tables 1 and 2 ). As with the 36-nucleotide insertion in Ehrharta , variation in character 16 affects the length of the portion of ndhF that extends into the IR region ( Fig. 3 , numbers in parentheses). There are fi ve steps in this character in all mostparsimonious trees and in the consensus tree ( Fig. 3 , character  16 ). The undeleted state is interpreted as plesiomorphic for the grasses. The deleted state arises independently in Olyra and at the origin of the PACMAD clade. Within the PACMAD clade Fig. 3 . Strict consensus of 12 most-parsimonious trees for 90 grass species and two nongrass outgroups, as resolved by combined analysis of three gene sequences and nine structural characters of the plastid genome (see text). Family names are indicated for the two outgroup taxa, and assignments of grasses to tribe and (for tribe Poeae) subtribe are signifi ed by letter codes as specifi ed in Appendix 1, where species names are provided. Within the grass family, two major clades (PACMAD and BEP) and 11 subfamilies are indicated by lines and labels at right. Two nonparenthesized numbers beside each taxon name signify the number of nucleotides of ndhH and ndhF , respectively, that extend into the IR region of the plastid genome (see text); hyphens denote 0 nucleotides. Parenthesized numbers denote the presence of an insertion (+) or deletion ( − ), relative to the reference sequence of Triticum aestivum , clade occasionally increases substantially, as in Ehrharta , Cynosurus , and some elements of Olyreae and Bromeae. In other taxa ( Olyra and Brachypodium ), the number is substantially diminished, and it drops to zero in Pleuropogon and Celtica , in which ndhH lies entirely within the SSC. In most taxa of the BEP clade, ndhF remains entirely within the SSC, but portions of this gene, of lengths ranging from 1 to 43 nucleotides, lie within the IR region in three isolated taxa ( Ehrharta , Olyra , and Brachypodium ). Thus, the positions of the termini of ndhH and ndhF relative to the SSC-IR junctions, and the sizes of the portions of these genes that lie within the IR, vary widely within the BEP clade and bespeak a history of multiple parallel migration events.
In contrast to the BEP clade, the PACMAD clade, as a group, is marked by substantial changes in the positions of both ndhH and ndhF relative to the SSC-IR junctions ( Table 2 , Fig. 3 ) , and following the establishment of these differences, additional changes have continued to occur in various lineages, as in the BEP clade. Most, but not all, of the portion of ndhH that had been situated within the IR in the earliest grasses migrated out of it early in the evolution of the PACMAD clade, leaving just one to four nucleotides remaining within the IR, while the 3 ′ terminus of ndhF migrated into the IR, resulting in the presence of ca. 12 -30 nucleotides within this region in most taxa. Following the initial diversifi cation of the PACMAD clade, the last few nucleotides of ndhH migrated out of the IR region in at least three different lineages, and in one case ( Eriachne pulchella ), one nucleotide later migrated back into the IR region. Also, a 3-nucleotide deletion event near the 3 ′ terminus of ndhF (now lying within the IR region) appears to have occurred prior to the diversifi cation of major lineages within the PACMAD clade, and at least two subsequent reinsertions of three nucleotides appear to have occurred in this region and possibly a secondary deletion event as well (or three reinsertions and no secondary deletion, under an alternative optimization of the character).
Although most taxa of the BEP clade differ from most taxa of the PACMAD clade in these features, Olyra (of the BEP clade) is unusual in having a genomic structure that is typical of the PACMAD clade. In Olyra , 17 nucleotides at the 3 ′ terminus of ndhF lie within the IR region, one nucleotide at the 5 ′ terminus of ndhH lies within the IR (and thus is homologous with the 17th from the fi nal nucleotide of ndhF ), and a three-nucleotide deletion is present at the same location as in taxa of the PACMAD clade. All of these features vary within the PACMAD clade, and among taxa within this group, Olyra is identical to Arundo in all three characters (cf. Table 2 , Fig. 3 ). In light of these similarities, the possibility was considered that a laboratory or clerical error might have led to the erroneous labeling of sequences from a representative of the PACMAD clade as having been collected from Olyra . Alternatively, the possibility was considered that the actual plastid sequence that occurs in Olyra might have been derived from a species of the PACMAD clade via horizontal gene transfer. A third possibility was that one or both of the sequences determined for Olyra might be a laboratory the 2105-nucleotide portion of ndhF that lies within the SSC region in all taxa, there are 2944 steps in the tree, or 1.40 steps per character; as with the portion of ndhH that lies predominantly within the SSC region, the number of steps in this region outside the PACMAD clade is about three times the number within this clade (1.03 vs. 0.35 steps per character, respectively). In the sequenced portion of rps15 (122 nucleotides in length), which lies within the IR region in all sampled taxa, there are 66 steps in the tree, or 0.54 steps per character, and the number of steps outside the PACMAD clade is about fi ve times the number within (0.44 vs. 0.09 steps per character, respectively). Finally, in the 150-nucleotide region of ndhH that lies entirely or almost entirely within the IR region in most non-PACMAD taxa in the sample, and in the SSC region in all members of the PACMAD clade, there are 96 steps in the tree that was examined, an average of 0.64 steps per character, with about one-half of these steps outside the PACMAD clade, and the other half within the PACMAD clade (0.31 vs. 0.33 steps per character, respectively).
DISCUSSION
Structural features of the plastid genome -Positions of the endpoints of ndhF and ndhH , relative to the SSC-IR junction, previously inferred for a few species of the grass family from complete plastid genome sequences (e.g., Maier et al., 1990 ; Ogihara et al., 2002 ; Saski et al., 2007 ; Bortiri et al., 2008 ) , were newly determined here for 84 grass species and two outgroups by targeted sequencing across the two SSC-IR junctions. Although characters representing the presence/absence of portions of ndhF and ndhH of any length within the IR region of the plastid genome were among the structural characters included in the cladistic analysis (characters 0 and 1, respectively [ Tables 1, 2 ; Fig. 3 ]) , lengths of the portions of these genes extending into the IR region were quite variable and were not treated as formal characters. However, general trends in the lengths of these portions are evident in the resulting phylogeny, as follows: It appears that in the earliest grasses, as in their closest relatives, Joinvillea and Ecdeiocolea , ca. 175 -200 nucleotides at the 5 ′ end of ndhH extended into the IR region, while ndhF was confi ned to the SSC region; sampling of additional outgroups might alter this interpretation. These general features are retained in Anomochlooideae and Pharoideae, with the number of nucleotides of ndhH extending into the IR region increasing to nearly 300 in the latter. Following the divergence of the BEP and PACMAD clades from each other, these general structural features were retained within the BEP clade, and they occur in most sampled taxa of the three subfamilies in this clade, including, e.g., Streptogyna and Oryza (Ehrhartoideae), Phyllostachys , Buergersiochloa , and Pariana (Bambusoideae), and Brachyelytrum , Lygeum , Stipa , Glyceria , Diarrhena , Triticum , and Poa (Pooideae; Fig. 3 ). As in Pharus , the number of nucleotides of ndhH extending into the IR in taxa of the BEP in the portion of ndhF that extends into the IR (e.g., for Arundo , one nucleotide of ndhH and 17 nucleotides of ndhF extend into the IR region, and Arundo has a 3-bp deletion, relative to Triticum , in the portion of ndhF that extends into the IR region, so the 17 nucleotides of ndhF that extend into the IR, as aligned, correspond to a 20-nucleotide fragment in Triticum ). Numbers above branches are jackknife support frequencies. State transformations are indicated for six structural characters (character numbers in rectangles; Tables 1, 2 ); transformations from state 1 to state 0 are signifi ed by minus signs, and all others are from state 0 to state 1. Each structural character is an unambiguous synapomorphy of the same clade on all most-parsimonious trees and has the same number of steps and direction of transformation as indicated on the consensus tree, except that an alternative optimization exists for character 16 in all trees, within Arundinoideae, as a gain to the sister group of Arundo and a loss to the sister group of Amphipogon . AM849172), in addition to those used in the combined analysis. This sequence is truncated ca. 50 nucleotides from the 3 ′ terminus of ndhF , so the state of indel character 16 cannot be determined. Also, there is no corresponding sequence for ndhH (or fl anking regions of either gene), so the positions of the SSC-IR boundaries relative to the endpoints of these two genes also could not be determined for this sequence.
Analysis of the ndhF matrix yielded a consensus tree in which the two Olyra sequences were situated in a clade with Lithachne . This group was placed within a larger clade that included the other three sequences of Olyreae (as in the principal analysis, Fig. 3 ) , and the terminal branch lengths of both sequences of Olyra were shorter than the average terminal branch lengths of the six sequences in this group. As in the principal analysis, the Olyreae was placed in a monophyletic Bambusoideae, chimera that combines a portion of the actual sequence from Olyra with a portion of a sequence from an element of the PACMAD clade.
To test for these possibilities, separate analyses of just the ndhF and ndhH sequences were conducted. The placement of Olyra was determined in each of these trees, as was the length of the terminal branch for Olyra . The signifi cance of the terminal branch length lies in the possibility that an analysis might place a chimeric sequence within Olyreae, on the basis of nucleotides actually from Olyra , while the branch leading to Olyra might be inordinately long if another portion of the sequence was from a species in the PACMAD clade, since that portion of the sequence would exhibit autapomorphic origins of characters of that species and its relatives. The ndhF analysis included a second Olyra sequence obtained from GenBank (accession Fig. 4 . Aligned sequences of a region of ndhF characterized by a 15-nucleotide indel, for 22 species of Poaceae, Joinvilleaceae, and Ecdeiocoleaceae (Appendix 1). Location is specifi ed by nucleotide sites in the reference ndhF sequence of Triticum aestivum (GenBank accession NC_002762). A conserved nine-nucleotide motif (GATAATGGA and variant forms of this sequence), depicted in boldface, occurs twice in duplicated sequences (a duplication is required according to the interpretation in Fig. 3 ) , with the initial nucleotides of the two copies separated by 15 nucleotides, and only once in unduplicated sequences. The situation in Ehrharta , however, represents an exception to this pattern, with 43 nucleotides of the IR encoding portions of two different genes, on opposite DNA strands (and in opposite directions), including the termination codon of ndhF . Of these 43 nucleotides, 36 are interpreted as an insertion, but the entire 43-nucleotide region is homologous with the corresponding DNA strand in ndhH ( Fig. 2 ) , and no insertion is evident in that gene. In other words, the " insertion " in ndhF arose not by the expansion of a DNA region, but by the loss of a stop codon in ndhF (either through a point mutation or a small rearrangement that did not affect the length of the gene), resulting in the lengthening of the coding region to a point previously downstream from the 3 ′ terminus, where another stop codon was encountered.
Distributions of the three-and six-nucleotide inversions in ndhF (characters 2 and 6, respectively [ Tables 1 and 2 ; Fig. 3 ]) , as determined by the present analysis, correspond to those described previously Soreng et al., 2007 ) . The three-nucleotide inversion is a synapomorphy of the clade within Pooideae that is the sister of Diarrhena (consisting of Bromeae, Triticeae, Poeae, and other small tribes), and there is a single reversion to the uninverted state, in Hordeum . Within the clade that has the three-nucleotide inversion, the six-nucleotide inversion is a synapomorphy of the two representatives of Poeae subtribe Aveninae.
The 15-nucleotide indel in ndhF (character 15 [ Tables 1, 2 , Fig. 3 ] ) was determined to be homoplasious when fi rst reported by Clark et al. (1995) , who observed that the deleted state occurs in close relatives of the grasses and early-diverging grass lineages, as well as in Oryzeae. Thus, the authors interpreted the deleted state as plesiomorphic in the grasses, with an insertion marking the clade that includes taxa now conventionally placed in the PACMAD and BEP clades, and with a reversion to the deleted state marking the Oryzeae. As suggested by the alignment presented here ( Fig. 4 ) , it is reasonable to recognize differences on an a priori basis between two forms of the deleted state. Under this determination, the deleted state in taxa of the BEP clade could be scored as a different character or state than for taxa outside the BEP clade. However, results of the present phylogenetic analysis, consistent with those supported by other analyses, still would suggest that the state that occurs in the BEP clade has arisen three times in parallel within this group ( Fig. 3 ) . These repeated insertion/deletion events may be attributable to slipped-strand mispairing, as has been inferred in similar instances (e.g., Levinson and Gutman, 1987 ; Cummings et al., 1994 ; Kelchner, 2000 ; Dertien and Duvall, 2009 ) .
The remaining structural characters in the present analysis are three additional indels (characters 13, 14, and 17), each of which differentiates two taxa from disparate regions of the tree from the rest of the sample and thus exhibits two steps and an RI of 0 in the analysis ( Tables 1, 2 ; Fig. 3 ). These results, like those for the positions of endpoints of ndhF and ndhH relative to the SSC-IR junctions, as well as for the three-nucleotide inversion in ndhF and the 15-nucleotide indel in ndhF , tend to confi rm the propensity of structural mutations to arise independently, in particular locations of the genome, often in identical positions, and to exhibit subsequent reversals to their plesiomorphic states (e.g., Kelchner and Wendel, 1996 ; Graham et al., 2000 ; Tsumura et al., 2000 ; Kim and Lee, 2005 ; Bain and Jansen, 2006 ) . Thus, although structural characters of this sort often provide useful phylogenetic evidence (e.g., Luo et al., and the Bambusoideae was placed as sister of Pooideae in a monophyletic BEP clade. Analysis of the 92 ndhH sequences yielded a consensus tree in which Olyra was the sister of Lithachne within a monophyletic Bambusoideae, and the terminal branch for Olyra was not unusually long. Hence, the available evidence is consistent with a conclusion that the ndhF and ndhH sequences obtained from Olyra for this study are not chimeras and that the phylogenetic affi nities of each gene are with those of other taxa of the Olyreae and other elements of Bambusoideae, not with those of the PACMAD clade. Consequently, the structural similarities between the plastid genome of Olyra and those of Arundo and other taxa of the PACMAD clade are interpreted as having arisen independently.
The various migrations of gene termini relative to the two SSC-IR junctions are also of signifi cance in terms of the phenomenon of gene overlap. When both ndhF and ndhH extend into the IR, one or more nucleotides in the IR simultaneously encode portions of both genes ( Figs. 1, 2 ) . As noted, the extent of this overlap is limited by the size of the smallest gene segment that extends into the IR. Within the present taxon sample, gene overlap arises at the point of origin of the PACMAD clade, where the 3 ′ terminus of ndhF enters the IR, which already includes the 5 ′ terminus of ndhH . At about this point in the history of the clade, most of the portion of ndhH previously included in the IR migrates into the SSC, leaving 1 -4 nucleotides overlapping with ndhF . The overlap is lost multiple times within the clade, whenever the last few nucleotides of ndhH migrate into the SSC, and it is regained once in the PACMAD clade, in Eriachne pulchella .
Elsewhere in the taxon sample, there are three additional origins of gene overlap, in Ehrharta , Olyra , and Brachypodium . Olyra differs from its closest relatives in much the same way that taxa of the PACMAD clade differ from the early-diverging grass lineages and most of the BEP clade. As in the PACMAD clade, almost the entire portion of ndhH that once was situated in the IR has migrated into the SSC, and a portion of ndhF , less than 30 nucleotides in length, has migrated into the IR. As with the PACMAD clade, the occurrence of these events on the same branch of a cladogram does not indicate whether they occurred simultaneously or in succession, and in the latter case, which event may have occurred fi rst. Thus, the co-occurrence of this pair of autapomorphic features in Olyra suggests either that a single mutational event mediated the origin of both features or that it is maladaptive for more than a few nucleotides of these two genes to overlap in this manner, possibly because it constrains the evolution of each. Under the latter interpretation, degrees of overlap of more than a few nucleotides, when they do arise, are soon eliminated by the migration of all or nearly all of one gene or the other out of the IR.
In Brachypodium , a similar pattern of overlap exists, but in this case it is ndhF that extends the shortest distance (one nucleotide) into the IR. The structure in B. pinnatum , as sampled here, differs substantially from those of its closest relatives in the Pooideae, and also from that of its close relative, B. distachyon (GenBank NC_011032; Bortiri et al., 2008 ) , which also resembles other taxa of Pooideae, in having 209 nucleotides of ndhH in the IR, and ndhF confi ned to the SSC. Thus, both B. distachyon and Olyra latifolia exhibit substantially modifi ed positions of the endpoints of ndhH and ndhF , with both genes extending into the IR, but with only one nucleotide of overlap. These patterns, along with the limited degree of overlap observed in taxa of the PACMAD clade, suggest that however an overlap may arise, it is maladaptive if too extensive gene from the IR into a single-copy region was likely to lead to acceleration of the substitution rate in that gene. As demonstrated here, migration of even a small portion of a gene from the IR into the SSC can be associated with an increase in nucleotide substitution rate in the portion of the gene that migrated.
2006 ), they also are often individually homoplasious, like nucleotide sequence characters and even morphological characters, and are best interpreted in the context of a phylogeny based on a wide range of characters.
Nucleotide substitution rates -Comparison of the relative rates of nucleotide substitution within and outside the PAC-MAD clade, as determined for four gene regions, indicates that the two regions that lie within the SSC region in all or nearly all taxa, one of them a portion of ndhF , the other a portion of ndhH , evolve at similar rates (averages of 1.40 and 1.31 steps per nucleotide, respectively, across the same set of taxa; Table 4 ). Also, in both of these cases, the number of steps within the PACMAD clade is about one-third the number occurring elsewhere in the tree. The number of taxa in the PACMAD clade also is about one-third that of the number of taxa elsewhere in the tree, but the latter group is also a paraphyletic assemblage, and includes deeper branches in the tree, so these numbers do not provide absolute measures of evolutionary rates, but they do allow for comparisons of relative rates among gene regions across the same portions of the tree.
The portion of rps15 that was examined lies entirely within the IR region in all taxa and exhibits about one-third the total number of steps per character as the two gene regions that lie in the SSC region of the genome. This general pattern is consistent with previous observations that substitution rates in the IR regions of the plastid genome are substantially lower than those in the single-copy regions (e.g., Wolfe et al., 1987 ; Maier et al., 1995 ; Muse and Gaut, 1997 ; Yamane et al., 2006 ) . The observed number of steps in this portion of rps15 within the PACMAD clade is only one-fi fth that of the number outside this clade, while the corresponding ratio is about one-third for the two gene regions that lie in the SSC region of the genome. However, this region of rps15 is only 122 nucleotides in length, so the relatively low observed rate for the PACMAD clade, relative to the rest of the tree, may not be an accurate indication of general substitution rates for genes in the IR region, or even for this gene. Leaving aside this matter of precision, the observation of substantially fewer steps within the PACMAD clade than outside of it is generally consistent with the patterns observed for the gene regions that lie within the SSC region of the genome.
A different pattern is observed for the portion of ndhH that lies in the SSC region in taxa of the PACMAD clade and in the IR region in taxa outside the PACMAD clade. Like the portion of rps15 that was examined, this gene region is relatively small (150 nucleotides), so the observed rates may not be precise indicators of actual substitution rates. The number of steps in this gene region among taxa of the PACMAD clade is about equal to the number of steps among taxa outside the PACMAD clade. With about 0.33 steps per nucleotide site within the PACMAD clade, the substitution rate for this portion of ndhH is comparable to the rates observed within the PACMAD clade for the two other gene regions that lie in the SSC region of the genome (0.32 and 0.35). Conversely, with about 0.31 steps per nucleotide outside the PACMAD clade, the substitution rate for this portion of ndhH is comparable to the rate observed outside the PACMAD clade for the other gene region that lies in the IR region of the genome (0.44). Thus, relative substitution rates of the various gene regions correspond to a general pattern in which those that lie within the IR region of the genome evolve more slowly than those that lie within the SSC region of the genome. Muse and Gaut (1997) noted that the migration of a Sequence Region 1 ( ndhF and rps15 ) ndhF -1F ( Olmstead and Sweere, 1994 ) 5 ′ atg gaa caK aca tat Saa tat gc 3 ′ ndhF -45F 5 ′ act tcc agt tat tat gtc aat ggg Rtt t 3 ′ ndhF -274F (modifi ed from Olmstead and Sweere, 1994 ) 5 ′ ctt act tct att atg tta ata cta at 3 ′ ndhF -309F 5 ′ Wgg aaY Yat ggt tct tat tta tag tga c 3 ′ ndhF-532F 5 ′ gcK ttt Dta act aat cgt gta ggg ga 3 ′ ndhF-818F 5 ′ gaa ttt ttc ttV tag ctc gag ttY ttc 3 ′ ndhF-933F 5 ′ tca Rag aga tat taa aag aag Ytt agc c 3 ′ ndhF-978F 5 ′ att ggg tta tat gat gtt agc tct agg t 3 ′ ndhF-1194F 5 ′ ttt att ggg tac act ttc tct ttg tg 3 ′ ndhF-1318F (modifi ed from Olmstead and Sweere, 1994 ) 5 ′ gga tta act gcV ttt tat atg ttt cg 3 ′ ndhF-1421F 5 ′ att caa tat cSt tat ggg gaa aaa g 3 ′ ndhF-1811F 5 ′ atg caa ttt ctt ctg taa StY tag c 3 ′ ndhF-1969F 5 ′ tac agt tgg tca tat aat cgY ggt t 3 ′ ndhF-2101F 5 ′ ggt ctt SYt agt ttt tgt ata gga gaa g 3 ′ ndhF-972R ( Olmstead and Sweere, 1994 ) 5 ′ cat cat ata acc caa ttg aga c 3 ′ ndhF-1117R 5 ′ cca tat tYt gac ttt tWt ctg gtg aat a 3 ′ ndhF-1373R 5 ′ act Rta atY ttg aaa atg aac acg ca 3 ′ ndhF-1968R 5 ′ ata acc Rcg att ata tga cca Rct gta t 3 ′ ndhF-2122F ( Olmstead and Sweere, 1994 ) 5 ′ ccc cct aYa tat ttg ata cct tct cc 3 ′ ndhH -88F 5 ′ gtt act ctc gat ggt gaR gat gtt at 3 ′ rps15 -80F 5 ′ ttc aag tat tca gtt tca cca ata aga t 3 ′ Region 2 ( ndhH and rps15 ) ndhA -59R 5 ′ atc Sat atc agt cca tag act tct ttt a 3 ′ ndhH -684R 5 ′ atc taY ttt acg aag atc cca ttg tat t 3 ′ ndhH 88F 5 ′ gtt act ctc gat ggt gaR gat gtt at 3 ′ rps15 -80F 5 ′ ttc aag tat tca gtt tca cca ata aga t 3 ′
